In order to evaluate the site of action of picrotoxin (antagonist of ionotropic GABA receptors) on the electroretinographic (ERG) b-and d-waves, in this study we compared its effects on the intensity-response function of the ERG waves in intact light adapted frog eyecup preparations with its effects in eyecups, where the activity of proximal neurons was blocked by 1 mM N-methyl-D-aspartate (MNDA). Picrotoxin markedly enhanced the b-and d-wave amplitude and slowed the time course of the responses at all stimulus intensities in the intact eyecups. Perfusion with NMDA alone caused significant enhancement of the b-wave amplitude and diminution of the d-wave amplitude without altering their time course in the entire intensity range. When picrotoxin was applied in combination with NMDA, an enhancement of the b-wave amplitude and slowing of its time course were observed at all stimulus intensities. The increase of the b-wave amplitude was significantly higher than that seen in NMDA group. Combined application of picrotoxin and NMDA caused an enhancement of the d-wave amplitude at the lower stimulus intensities and its diminution at the higher ones, while the d-wave time course was delayed over the entire intensity range. The results obtained indicate that a part of picrotoxin effects on the amplitude and time course of the photopic ERG b-and d-waves are due to its action in the distal frog retina.
Introduction
GABA is the major inhibitory neurotransmitter in the vertebrate retina, released mainly from two types of interneurons -GABAergic horizontal cells and GABAergic amacrine cells (reviews: Eggers et al., 2006; Wu & Maple, 1998; Yang, 2004; Yazulla, 1986) . The GABAergic horizontal cells modulate the synaptic transmission at the level of the outer plexiform layer (OPL), while the GABAergic amacrine cells do this in the inner plexiform layer (IPL). GABA, released in the both plexiform layers, can modulate the activity of bipolar cells, which transmit visual information from photoreceptors to the output neurons of the retina. GABA, released in the OPL can modulate bipolar cell activity by two types of inhibition. The first one is feed-forward inhibition accomplished by GABA acting directly on GABA A and GABA C receptors expressed on bipolar cell dendrites (Connaughton, Nelson, & Bender, 2008; Du & Yang, 2000; Euler & Wässle, 1998; Grünert, 2000; Kalloniatis & Tomisich, 1999; Lukasiewicz & Shields, 1998; Vardi et al., 1998; Vitanova et al., 2001; Wässle et al., 1998) . The second one is feedback inhibition carried out by GABA acting on GABA A and GABA C receptors located on cone terminals (Kaneko & Tachibana, 1986; Lin & Yazulla, 1994; Pattnaik et al., 2000; Picaud et al., 1998; Vardi, Masarachia, & Sterling, 1992; Yang, Lin, & Yazulla, 1992; Yazulla & Studholme, 1997) . GABA, released in the IPL can exert feedback inhibition upon the bipolar cell axon terminals, which possess both GABA A and GABA C receptors (Enz et al., 1996; Koulen et al., 1998; Lukasiewicz & Wong, 1997; Shields et al., 2000; Wässle et al., 1998) . The GABA A receptors mediate the phasic component, while GABAc receptors mediate the tonic component of the response to GABA (Eggers & Lukasiewicz, 2011; Herrmann et al., 2011; Vigh & von Gersdorff, 2005; review: Lukasiewicz et al., 2004) . The relative contribution of each type of the GABAergic interneurons to the overall GABA effect upon the amplitude and temporal characteristics of the bipolar cell light responses remains poorly understood.
One of the easiest ways to characterize light responses of all groups of bipolar cells in vivo without perturbing any neuronal connections is by recording electroretinogram (ERG). The ERG consists of many components, but two of them are most prominent in response to long lasting stimuli: a b-wave (in response to stimulus onset) and a d-wave (in response to stimulus offset). There is general consensus that the neuronal generator of the b-wave is primarily the depolarizing (ON) bipolar cells (Dick & Miller, 1978 Gargini et al., 1999; Green & Kapousta-Bruneau, 1999; Gurevich & Slaughter, 1993; Hanitzsch, Lichtenberger, & Mattig, 1996; Karwoski & Xu, 1999; Newman & Odette, 1984; Robson & Frishman, 1995; Shiells & Falk, 1999; Sieving, Murayama, & Naarendorp, 1994; Tian & Slaughter, 1995; Xu & Karwoski, 1994; Yanagida et al., 1986) . The d-wave generation is thought to depend mainly on the activity of hyperpolarizing (OFF) bipolar cells with minor contribution of the photoreceptor response at stimulus offset (Dick, Miller, & Daucheux, 1979; Stockton & Slaughter, 1989; Ueno et al., 2006; Xu & Karwoski, 1995; Yanagida et al., 1986) and activity of proximal retinal neurons (amphibians: Arnarsson & Eysteinsson, 1997 Awatramani, Wang, & Slaughter, 2001; Popova & Kupenova, 2009 ). Thus, the role played by endogenous GABA in shaping the response characteristics of large populations of ON and OFF bipolar cells could be easily investigated by exploring the effects of simultaneous GABA A and GABA C receptor blockade on the ERG b-and d-waves. Unfortunately, the results obtained in such studies are contradictory. In mammalian retina Kapousta-Bruneau (2000) has reported that picrotoxin (GABA A and GABA C receptor antagonist) has no effect on the dark adapted b-wave amplitude in rat ERG. The authors cited have found that the GABA A receptor antagonist bicuculline increases the b-wave amplitude, while the GABA C receptor antagonist 3-APA reduces the amplitude of the b-wave. Thus, the action of GABA A and GABA C antagonists cancels out each other. Other authors, however, have demonstrated that picrotoxin decreases the amplitude and selectively prolongs the decay, but not the rise time of the dark adapted b-wave (rabbit: Dong & Hare, 2002; Starr, 1975; cat: Naarendorp & Sieving, 1991) . The effect does not depend on the stimulus intensity and is evident over the entire intensity range studied (Naarendorp & Sieving, 1991) , although the effect on the b-wave kinetics appears to be greater at lower intensities (Dong & Hare, 2002) . Still other authors reported that the b-wave amplitude is increased and its time course is delayed under the influence of picrotoxin in dark adapted rabbit retina (Gottlob, Wündsch, & Tuppy, 1988) . There are no available data concerning the effects of picrotoxin on the mammalian d-wave.
The effects of picrotoxin on the ERG waves have been more extensively studied in nonmammalian retina. Some authors fail to obtain any effect of picrotoxin on the amplitude of the b-wave (tiger salamander: Wachtmeister, 1980) , while other authors reported that picrotoxin reduces the b-wave substantially at all flash intensities in conditions of dark adaptation (fish: Chappell et al., 2002) . Chappell et al. (2002) have demonstrated that the blocker has no effect on the light responses of horizontal cells recorded simultaneously with the ERG. This finding support the suggestion that photoreceptor feedback is not involved in picrotoxin effect on the ERG. The authors concluded that picrotoxininduced reduction in the b-wave results from inactivation of the GABA C receptors of ON bipolar cells. However, many other data including those obtained in our laboratory indicate that the blockade of ionotropic GABA receptors by picrotoxin leads to an increase of the b-wave amplitude (frog: Arnarsson & Eysteinsson, 1997; Belcheva & Kupenova, 1980; Belcheva & Vitanova, 1974; Bonaventure, Wioland, & Jardon, 1986; DeVries & Friedman, 1978; Katz et al., 1991; Kupenova, Popova, & Vitanova, 2008; Popova, 1989 Popova, , 2000 Popova et al., 1986; turtle: Belcheva & Vitanova, 1978; Kupenova et al., 1991 Kupenova et al., , 1997 Vitanova et al., 1997; fish: Chappell & Rosenstein, 1996; Lewis et al., 2011) . The effect is evident in conditions of both dark and light adaptation, indicating that it does not depend on the type of the photoreceptor input. Picrotoxin slows the time course of the b-wave. Its latency, implicit time and decay phase are significantly delayed during the GABAergic blockade (Belcheva & Vitanova, 1974 Popova, 2000; Vitanova et al., 2001) . The effect on the latency is considerably smaller compared to the effect on the implicit time (Popova, 2000) . The effects of picrotoxin on the d-wave resembled that on the b-wave. Although Bonaventure, Wioland, and Jardon (1986) did not find any effect of picrotoxin on the d-wave, other authors reported that picrotoxin enhances the amplitude and delays the time course of the d-wave (Arnarsson & Eysteinsson, 1997; Belcheva & Kupenova, 1980; Belcheva & Vitanova, 1974 Kupenova et al., 1991 Kupenova et al., , 1997 Lewis et al., 2011; Popova, 1989 Popova, , 2000 Popova et al., 1986; Vitanova et al., 1997; Xu & Karwoski, 1995) . Picrotoxin revealed a prominent OFF component in all rod retina of skate (Chappell & Rosenstein, 1996) and in dark adapted toad retina (Katz et al., 1991) . Thus, it appears that both the ON and OFF responses in nonmammalian ERG are under inhibitory GABAergic influences mediated by ionotropic GABA receptors.
Most of the authors believe that the observed GABAergic influences on the ERG b-and d-waves occur only in the proximal retina. It has been shown that the enhancement of the b-and d-wave amplitude caused by picrotoxin in light adapted Xenopus retina is entirely eliminated, when the activity of proximal retinal neurons is blocked by high doses of glutamate agonist N-methyl-D-aspartate (NMDA) (Arnarsson & Eysteinsson, 1997) . The same has been observed for the dark adapted b-wave in toad retina (Katz et al., 1991) . Katz et al. (1991) have shown that picrotoxin markedly increases the amplitude of the b-wave. The subsequent application of NMDA subtracts from the picrotoxin response nearly everything that the blocker had added to the response. Analogous is NMDA effect on the proximal K + increase -it completely abolishes the enhancing effect of picrotoxin upon it. The authors suggest that the effects of picrotoxin are due to its action in proximal retina, where it inhibits the amacrine cell-mediated reciprocal inhibition of bipolar cells. Using current-source density analysis of the amphibian and rabbit ERG, Karwoski, Xu, and Yu (1996) and Karwoski and Xu (1999) concluded that picrotoxin enhances the proximal field potentials, whereas the blocker little affects the b-and d-wave sources. The authors cited have found that picrotoxin greatly enhances the M-wave, which arises from Muller cells through the spatial buffering of the light-evoked K + increase in the inner plexiform layer. The M-wave is generally documented in the intraretinal or ''local'' ERG and is not typically recorded in the diffuse transretinal ERG. Similar effect of picrotoxin has been reported in light adapted cat retina, where the blocker greatly enhances both the ON and OFF portions of the M-wave, but it does not affect the negative ERG OFF response (Frishman & Steinberg, 1990) . All these results support the hypothesis that the effects of picrotoxin on the b-and d-waves are due primarily to its action in proximal retina. However, Chappell and Rosenstein (1996) have shown that the enhanced ON and OFF components of skate ERG recorded during picrotoxin treatment are not reduced during the subsequent application of 500 lM NMDA. They proposed that picrotoxin effect is due to release from inhibition at the distal dendrites of ON and OFF bipolar cells. Kapousta-Bruneau (2000) also argue that the proximal neurons containing NMDA receptors are not involved in the modulatory GABA effects on the dark adapted b-wave in rat ERG (Kapousta-Bruneau, 2000) . The author has shown that suppression of NMDA receptors with 25 lM MK-801 eliminates neither the enhancing effect of bicuculline (GABA A receptor antagonist) nor the depressing effect of 3-APA (GABAc receptor antagonist) on the P 2 (t) component of ERG. Surprisingly, suppression of all types of ionotorpic glutamate receptors (NMDA and KA/AMPA) expressed on GABAergic amacrine and GABAergic horizontal cells also does not eliminate the effect of bicuculline on P 2 (t) component of ERG. The author cannot elucidate which is the source of GABA in this situation, when the activity of all GABAergic neurons in the retina is suppressed.
In the present study we compared the effects of picrotoxin on the intensity-response function of the ERG b-and d-waves in intact light adapted frog eyecup preparations with its effects in eyecups, where the activity of proximal retinal neurons was blocked by 1 mM NMDA. We obtained that picrotoxin markedly enhanced the b-and d-wave amplitude and slowed the time course of the responses at all stimulus intensities in the intact eyecups. The blocker's effects on the b-wave were preserved in some extent over the entire intensity range in eyecups treated with NMDA. The same was true for the picrotoxin effects on the d-wave time characteristics, while its action on the d-wave amplitude depended on stimulus intensity. Picrotoxin enhanced the d-wave amplitude at the lower stimulus intensities, but diminished it at the higher ones. The results obtained indicate that a part of picrotoxin effects on the amplitude and time course of the photopic ERG b-and d-waves are due to its action in the distal frog retina.
Material and methods
The experiments were carried out on 46 eyecup preparations of frog (Rana ridibunda), continuously superfused with Ringer solution (NaCl 110 mM, KCl 2.6 mM, NaHCO 3 10 mM, CaCl 2 1.6 mM, MgCl 2 0.8 mM, Glucose 2 mM; HCl 0.5 mM to adjust pH to 7.8) at a rate of 1.8-2.0 ml/min, temperature 16-18°C and supplied with moistened O 2 (for details see Popova & Kupenova, 2009 ). The frogs were first anesthetized in water containing 500 mg/l Tricaine methanesulfonate (Sigma-Aldrich Chemie GmbH). They were then decapitated and pithed. The procedure has been approved by the local ethics committee and is in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
The ionotropic GABA receptors were blocked using 50 lM picrotoxin (Flika, Buchs, Switzerland) dissolved in the perfusion solution. This concentration was chosen among the other tested because it had maximal effect on both the b-and d-wave amplitude (Popova, 2000) . The activity of proximal neurons was blocked using N-methyl-D-aspartate (NMDA -Sigma), dissolved in Ringer solution to a concentration of 1 mM. The same concentration has been used in our previous study (Popova & Kupenova, 2009 ) and by other authors working on amphibian retina (Arnarsson & Eysteinsson, 1997 Awatramani, Wang, & Slaughter, 2001 ). The saturating nature of this NMDA concentration was tested in some eyecups, where a higher concentration of NMDA (2 mM) was applied.
Light stimulation
Diffuse white light stimuli (150 W tungsten halogen lamp) with 5 s duration were presented repeatedly at interstimulus interval of 25 s. The test stimulus intensity (I t ) was changed in an ascending manner over a range of 5 log units by means of neutral density filters. Stimulus intensities were measured using radiometer. They were then converted in quanta s REÁS , where B, illumination (lx); k, wavelength (m); E, relative emission of the source at each wavelength (3200 K); S, relative sensitivity of the photometer at each wavelength. The test stimuli were presented under diffuse white background illumination with intensity of 2.4 Â 10 6 quanta s À1 lm À2 or 6.6 Â 10 4 quanta s À1 lm À2 at 500 nm, which was sufficient to saturate the rods (Fain, 1976; Hood & Hock, 1975) . The type of the photoreceptor input was proved in our previous work by ERG response spectral sensitivity assessment (Popova & Kupenova, 2011) .
Experimental procedure
The frogs were dark adapted for 24 h and then the eyecup preparation was made under dim red light. The eyecups were adapted under photopic background for 15 min and then the V-log I function of the ERG waves was obtained using stimuli with increasing intensity (first series). After a new 15 min adaptation period, a second V-log I function was obtained (second series). In the control experiments both series were obtained during perfusion with Ringer solution. In the test experiments the first V-log I function was obtained during Ringer solution perfusion and the second one -during perfusion with 50 lM picrotoxin alone, 1 mM NMDA alone or combination of 50 lM picrotoxin and 1 mM NMDA. The perfusion was switched from Ringer solution to 50 lM picrotoxin 15 min before the beginning of the second intensity series, when the effect of the blocker was fully developed. This period was 10 min for experiments with 1 mM NMDA, because its effects developed faster than that of picrotoxin. In experiments, where the effects of combined application of PT and NMDA were tested, the eyecups were perfused 5 min with 50 lM picrotoxin and afterwards 10 min with combination of 50 lM picrotoxin and 1 mM NMDA during the adaptation period between the first and second intensity series. In additional experiments the effects of two different concentrations (1 mM and 2 mM) of NMDA (Ringer solution in controls resp.) on the ERG waves were followed for a period of 22 min using stimulus with constant intensity (log I t = À3.0). The chosen stimulus intensity fell in the steepest part of the V-log I function of both the b-and d-waves.
ERG recording and data analysis
The electroretinograms were recorded by means of non-polarized Ag/AgCl electrodes at bandpass of 0.1-1000 Hz. The amplitude of the b-wave was measured from the peak of the a-wave to the peak of the b-wave, while that of the d-wave was measured from the baseline to the peak of the wave (see Fig. 1c ). The latency of the ERG waves was measured from stimulus onset (for b-wave) or offset (for d-wave) to the beginning of the wave, while their implicit time was measured from stimulus onset (for b-wave) or offset (for d-wave) to the peak of the wave (see Fig. 1c ). For estimation of the relative amplitude change at each I t , the values obtained in the second intensity series were normalized to the values obtained in the first series (%). This was done for both the control and test experiments. The peak amplitudes of the responses to stimuli of different I t were used for V-log I function evaluation The absolute sensitivity of the ERG responses was assessed by their thresholds, estimated using 5 lV and 10 lV criterion response amplitude. The b-wave V-log I function was fitted to the Naka-Rushton equation:
, where V, amplitude of the ERG waves; V max , its maximum; I, stimulus intensity above the background; I r , stimulus intensity required to produce halfmaximum amplitude; n, an exponent, related to the steepness of the V-log I function (Naka & Rushton, 1966) . The value of I r was used as an index of the response relative sensitivity. The dynamic range of the responses was estimated as intensity span of the responses with 5-95% V max amplitude. The V-log I function of the d-wave was estimated by smoothing the experimental data using Inductive Algorithm for Smooth Approximation of Functions (IASAF), based on the Tikhonov regularization method and the principle of heuristic self-organization (Kupenova, 2011) . The fitting curves passed within the noise limits of the data. The threshold intensity, V max and I t , producing 0.5V max (I r ), were evaluated from the approximating curves. The complex character of the d-wave V-log I function, which consisted of ascendant and descendent parts, did not allow us to determine its dynamic range.
For statistical evaluation of the data, Student's t-test and Two-Way ANOVA were used (OriginPro 8 software, OriginLab Corporation, Northampton, MA).
Results

Control experiments
The V-log I function of the b-wave differed from that of the d-wave at the highest stimulus intensities, where its amplitude plateaued, while that of the d-wave decreased ( Fig. 1a and b) . The V-log I function of the both waves showed no significant differences between the first and second intensity series in one and the same eyecup ( Fig. 1a and b) . The absolute sensitivity of the responses (determined by their thresholds) and their relative sensitivity (determined by I r value) were similar in both intensity series. The same was true for the dynamic range of the b-wave and the time course of the responses (Fig. 1c) . This allowed us to evaluate the effects of substances tested on these parameters using the first series of the test experiments as a control one.
Effects of picrotoxin on the intensity-response function
Perfusion with 50 lM picrotoxin (PT) caused marked increase of the b-and d-wave amplitude at all stimulus intensities used ( Fig. 2a and b) . The amplitude of the ERG waves recovered to a great degree during reperfusion with Ringer solution (Fig. 2c) . The relative change of the b-and d-wave amplitude during picrotoxin treatment was significantly greater than that in the control experiments in the whole intensity range (Fig. 2d and e) (Two-Way ANOVA, p < 0.0001). The absolute sensitivity of the ON and OFF responses was significantly increased, which was evident from the lowered threshold values (Table 1 ). The d-wave threshold diminished to a greater extent than that of the b-wave (paired t-test p < 0.0033 for 5 lV threshold; p < 0.0002 for the 10 lV threshold). Thus, the absolute sensitivity of the OFF response became higher as compared to that of the ON response (paired t-test, p < 0.0033 for the 5 lV threshold; p < 0.0016 for the 10 lV threshold). The relative strength of the PT enhancing effect on the b-and d-wave amplitude depended on stimulus intensity. Two-Way ANOVA revealed significant interaction between the relative amplitude change and stimulus intensity (p < 0.01 for the b-wave, p < 0.0001 for the d-wave). The relative increase of the b-wave amplitude was maximal near I d point (I t À3.5 and I t À3.0), while that of the d-wave was expressed to a greater degree in the lower than upper half of the intensity range ( Fig. 2d and e) . The described dependence of PT effect on stimulus intensity led to left shift of the V-log I curves along the intensity axis and increased relative sensitivity (determined by I d value) of the responses (paired t-test, p < 0.0019 for the b-wave; p < 0.0041 for the d-wave) ( Fig. 3a and b) . Because the relative sensitivity of the OFF response was increased to a greater extent (with 0.39 ± 0.09 log units) as compared to that of the ON response (with 0.21 ± 0.04 log units; paired t-test, p < 0.04), the initial difference between them became smaller. A greater enhancement of the d-wave than b-wave amplitude was seen at all lower stimulus intensities (I t < À3), which accounted for the significantly lower b/d amplitude ratio at those intensities (Two-Way ANOVA, p < 0.0001) (Fig. 2f) . The opposite was true for the higher intensity range, where PT had stronger effect on the b-wave than d-wave amplitude and the b/d amplitude ratio was significantly increased (Two-Way ANOVA, p < 0.0001). Thus, the b/d amplitude ratio obtained with different photopic stimulus intensities, depends in a critical manner on the relative strength of the GABAergic inhibitory influences upon the ON and OFF channel. Perfusion with PT alone did not change significantly the slope of the b-wave V-log I function and its dynamic range (Fig. 3a) .
The GABAergic blockade slowed the time course of the ERG waves ( Fig. 3c-e) . The latency of the b-and d-waves was significantly delayed during the perfusion with PT at all stimulus intensities (Two-Way ANOVA, p < 0.0001). The same was true for their implicit time (Two-Way ANOVA, p < 0.0001). The effect on the implicit time was considerably bigger compared to the effect on the latency ( Fig. 3c and d) and it showed significant dependence on stimulus intensity (Two-Way ANOVA, p < 0.0078 for the b-wave; p < 0.0001 for the d-wave). It was expressed to a greater extent at the lower (I t < À2.5) than higher stimulus intensities for the both ERG waves. Perfusion with PT reversed the initial relationship between the implicit times of the b-and d-wave obtained in the lower intensity range (I t < À2.5). In control conditions the dwave implicit time was shorter than that of the b-wave in that intensity range (Two-Way ANOVA, p < 0.0001), while after the GABAergic blockade it became longer (Two-Way ANOVA, p < 0.0043) ( Fig. 3c and d) . The latter effect was due to the greater change of the d-than b-wave implicit time during PT treatment.
Effects of NMDA on the intensity-response function
Before studying the effects of 1 mM NMDA on the intensityresponse function, we did additional experiments with constant stimulus intensity (log I t = À3.0) in order to test if this concentration of NMDA was a saturating one. In our previous study (Popova & Kupenova, 2009) we have shown that application of 1 mM NMDA caused marked increase of the b-wave amplitude and diminution of the d-wave amplitude ( Fig. 4a and b) . The effect on the b-wave reached a plateau at the 10th minute from the beginning of NMDA perfusion, while that on the d-wave developed much faster. The NMDA effects on the ERG waves were relatively stable until the end of the perfusion period. The b-and d-wave amplitudes recovered to a great degree during reperfusion with Ringer solution (Fig. 4c) . In another group of experiments the eyecups were treated with 1 mM NMDA first and with 2 mM NMDA afterwards ( Fig. 4a and b) . The perfusion was switched from the lower to the higher NMDA concentration in time period, when the effect of the blocker on the ERG waves was fully developed (arrow at 17th minute). No additional effect of 2 mM NMDA on the b-and d-wave amplitude was seen. However, the effect of 2 mM NMDA was not very stable in time and a tendency for diminution of the ERG wave's amplitude was evident. We chose concentration of 1 mM NMDA for the main groups of experiments, because it was important to obtain the V-log I function of the ERG waves on the background of stable blocker's effect. Perfusion with 1 mM NMDA had opposite effects on the amplitude of the b-and d-waves over the entire intensity range studied. It caused a significant enhancement of the b-wave amplitude and a significant diminution of the d-wave amplitude at all stimulus intensities (Two-Way ANOVA, p < 0.0001 for the both waves) (Fig. 5a and b) . As a result of this, the b/d amplitude ratio was significantly increased over the entire range of stimulus intensities (Two-Way ANOVA, p < 0.0001) (Fig. 5c) . The 5 lV threshold of the b-wave was not significantly altered, while its 10 lV threshold was significantly lowered (Table 1) . This indicates that the enhancing effect of NMDA upon the ON response started at stimulus intensities, producing b-wave amplitude between 5 lV and 10 lV. On the other hand, both the 5 lV and 10 lV thresholds of the d-wave were significantly increased, showing that the suppressing effect of NMDA upon the OFF response is evident even at stimulus intensities eliciting d-wave amplitude 65 lV. The relative amplitude change of the b-wave, cause by NMDA, did not depend on stimulus intensity, while that of the d-wave showed a clear intensity dependence (Two-Way ANOVA, p < 0.0089) (Fig. 5d and e) . It was greatest at the very low stimulus intensities and diminished with increasing stimulus intensity. In consequence of the described effects, the relative sensitivity of the d-wave (determined with I d point) was significantly decreased (paired ttest, p < 0.002), while that of the b-wave remained unchanged during the blockade of proximal retinal activity. The dynamic range of the b-wave V-log I function also remained unchanged during the NMDA treatment. The same was true for the time characteristics of the ERG waves. Neither the latency, not the implicit time of the b-and d-waves were significantly altered during the perfusion with NMDA (Fig. 5f) . Similar results were obtained in our previous study, where the effects of NMDA were tested in light adapted frog eyecups (Popova & Kupenova, 2009 ).
Effects of combination of picrotoxin and NMDA on the intensityresponse function
The effects of perfusion with combination of PT and NMDA showed clear ON/OFF asymmetry. The b-wave amplitude was enhanced at all stimulus intensities (except for the lowest ones) (Two-Way ANOVA, p < 0.0001), while that of the d-wave was enhanced in the lower half of the intensity range (Two-Way ANOVA, p < 0.0001), but diminished in the upper half (Two-Way ANOVA, p < 0.0001) (Fig. 6a and b) . The 5 lV threshold of the bwave was not significantly changed, while its 10 lV threshold was significantly lowered (Table 1) . This indicates that the potentiating effect of PT upon the ON response was not developed at the lowest stimulus intensities (producing b-wave amplitudes 65 lV) during the blockade of proximal retinal activity. This effect started at stimulus intensities producing b-wave amplitude between 5 lV and 10 lV. On the other hand, both the 5 lV and 10 lV thresholds of the d-wave were significantly lowed (Table 1) , showing that the blockade of the proximal retinal activity did not prevent the enhancing effect of picrotoxin on the absolute sensitivity of the ERG OFF response. The relative increase of the d-wave amplitude, obtained in the lower half of the intensity range, showed a clear dependence on stimulus intensity (TwoWay ANOVA, p < 0.0006). It was greatest at the lowest suprathreshold intensities (I t À4 and À3.5) and decreased toward the higher ones (Fig. 6d) . The relative increase of the b-wave amplitude was maximal at stimulus intensities near and below I d point (I t from À4 to À3) (Fig. 6c) , which led to a left shift of the b-wave V-log function along the intensity axis and a decreased value of the I d point (paired t-test, p < 0.041) (Fig. 7a) . The latter result indicates that the enhancing effect of PT on the relative sensitivity of the ERG ON response was preserved on the background of proximal retinal blockade. The same was true for the effect of picrotoxin on the relative sensitivity of the ERG OFF response. Because the dwave amplitude was increased in the lower half of the intensity range, but diminished in the upper half, the V-log function of the d-wave was shifted to the left along the intensity axis and its relative sensitivity (determined by I d value) was greatly increased (paired t-test, p < 0.00007) (Fig. 7b) . The effect was expressed in nearly the same extent as that seen in picrotoxin group (compare Figs. 3b and 7b) , demonstrating that the effect of the GABAergic blockade on the relative sensitivity of the photopic OFF response does not depend critically on the activity of proximal retinal neurons. The initial difference between the relative sensitivity of the ON and OFF response was greatly diminished during the combined application of PT and NMDA. This was due to significantly greater change of the relative sensitivity of the OFF response as compare to that of the ON response (paired t-test, p < 0.0062). The same effect was seen in experiments, where picrotoxin was applied alone. Perfusion with PT + NMDA altered the b/d amplitude ratio in a predictable way. Because each of the blockers increased the b/d ratio in the higher intensity range, their combined application caused marked increase of the b/d amplitude ratio at all stimulus intensities higher than À3.5 (Two-Way ANOVA, p < 0.0001) (Fig. 6e) . On the other hand, because the two blockers had opposite effects on the b/d ratio in the lower intensity range, it magnitude did not changed significantly in that range. Perfusion with PT + NMDA did not alter the slope of the b-wave V-log I function and its dynamic range (Fig. 7a) . This result could be expected, because neither PT nor NMDA alone changed them.
Combined application of PT and NMDA slowed the time course of the b-and d-waves. The latency of the b-and d-waves was significantly delayed (Two-Way ANOVA, p < 0.0039 for the b-wave; p < 0.0001 for the d-wave) as well as their implicit time (TwoWay ANOVA, p < 0.0001) over the entire intensity range (Fig. 7c-e) . The effect on the latency was less pronounced compared to the effect on the implicit time. The observed effects on the time characteristics of the responses were probably due to the action of picrotoxin and not NMDA, because perfusion with NMDA alone did not change the time course of the ERG waves. Thus, it can be hypothesized that the action of picrotoxin in the distal retina results in delaying the time course of the photopic ERG waves. The effect of PT + NMDA on the d-wave implicit time depended on stimulus intensity (Two-Way ANOVA, p < 0.0001). It was expressed to a bigger extent at the lower (I t < À2.5) stimulus intensities ( Fig. 7d and e) . The prolongation of the d-wave implicit time was relatively larger compared to the b-wave in the lower intensity range, which led to a reversal of the relationship between them in that intensity range. While the d-wave implicit time was shorter than that of the b-wave in control conditions (Two-Way ANOVA, p < 0.0001), after treatment with PT + NMDA it became longer (Two-Way ANOVA, p < 0.0032). The same effect was seen during the perfusion with picrotoxin alone.
In order to reveal the contribution of each site of action (proximal and distal) to the overall PT effect on the ERG wave amplitude, we compared the amplitude changes under the influence of PT + NMDA with that observed under the influence of PT and NMDA alone (Fig. 8a and b) . We obtained that the b-wave amplitude during the perfusion with PT + NMDA was significantly lower than that observed during the perfusion with PT alone (Two-Way ANOVA, p < 0.0001), but significantly higher than that observed during the perfusion with NMDA alone over the entire intensity range (Two-Way ANOVA, p < 0.0039) (Fig. 8c) . This result indicates that a part of the enhancing effect of PT on the b-wave amplitude was likely due to its action in the proximal retina, while another part did not depend on the activity of proximal retinal neurons. The latter part is a smaller one in the overall potentiating effect of PT on the b-wave amplitude. Its relative significance appears to be more pronounced at lower stimulus intensities compared to higher ones (Fig. 8c) . When similar comparison was made for the d-wave amplitude, it was evident that its amplitude during combined application of PT and NMDA was significantly smaller in comparison to that obtained during PT treatment at all stimulus intensities (Two-Way ANOVA, p < 0.0001), but significantly higher than that obtained during NMDA treatment at all stimulus intensities except for the highest ones (I t P À1) (Two-Way ANOVA, p < 0.0001). This result shows that the enhancing effect of PT on the d-wave amplitude was due to its action in both proximal and distal retina at all stimulus intensities except at the highest ones (I t P À1). The proximal action has greater contribution to the overall PT effect at all stimulus intensities compared to the distal one (Fig. 8d) . The distal action seems to be most important at the lowest stimulus intensities and its role gradually decreases with increasing stimulus intensity (Fig. 8d) . At the highest photopic intensities only the proximal action of picrotoxin is responsible for its enhancing effect on the d-wave amplitude.
Discussion
Our results clearly showed that the blockade of ionotropic GABA receptors by picrotoxin enhanced the amplitude and slowed the time course of both the b-and d-waves in light adapted frog ERG over the entire intensity range studied. These results suggest that the endogenous GABA acts to decrease the amplitude and speed up the time characteristics of the cone-mediated frog ERG waves irrespective of the light intensity used. The relative strength of this action, however, depends on stimulus intensity. It is more pronounced at the lower range of stimulus intensities and thus it acts to decrease the relative sensitivity of the ERG ON and OFF responses. Similar results have been obtained by Arnarsson and Eysteinsson (1997) , who have shown that picrotoxin shifts to the left the V-log I function of the light adapted b-and d-waves in Xenopus ERG. Our present results suggest that the suppressing action of GABA is stronger upon the ERG OFF as compared to the ON response at the lower stimulus intensities, while the reverse is true for the higher intensity range. Thus, the b/d amplitude ratio obtained with different photopic light intensities depends in a critical manner on the GABAergic neurotransmission in frog retina. In this study we have shown also that the GABAergic system is responsible for some of the differences between the cone-mediated ON and OFF responses. This concerns their sensitivity (absolute and relative) and time characteristics. The GABAergic system is not essential, however, for the dynamic range of the b-wave V-log I function, because picrotoxin changed it neither in the intact eyecups nor in the eyecups treated with NMDA. Our suggestion is not in line with the statement of Herrmann et al. (2011) , who argue that one of the most important functions of GABA, acting on GABAc receptors in mouse retina, is to broaden the dynamic range of the b-wave both in the dark and under background illumination. The authors cited have found that the b-wave dynamic range is narrowed in GABAc receptor knockout mice as well as in wild type mice with pharmacologically blocked GABAc receptors. However, because they did not block simultaneously both types of ionotropic GABA receptors, their results could not be directly compared with ours. The action of endogenous GABA, mediated by both GABA A and GABA C receptors, may be different from that mediated by GABAc receptors only. This suggestion is supported by the fact that Herrmann et al. (2011) did not obtain any significant effect of the exogenously applied GABA on the operational range of the b-wave responses in wild type mice, although GABA by itself increased their amplitude. All results shown in the present work are in full agreement with our previous results obtained in frog retina, where we have demonstrated that picrotoxin does not alter the dynamic range of the b-wave V-log I function, although it increases the amplitude and slows the time course of the b-and d-waves under photopic conditions of light adaptation (Kupenova, Popova, & Vitanova, 2008; Popova, 2000) .
In this study we used high doses of NMDA to block the activity of proximal retinal neurons. It has been shown that NMDA depolarizes amacrine and ganglion cells and eliminates their light responses (Coleman & Miller, 1988; Dixon & Copenhagen, 1992; Lukasiewicz & McReynolds, 1985; Slaughter & Miller, 1983; Stockton & Slaughter, 1989) . At the same time, NMDA has no effect on the light responses of photoreceptors and distal retinal neurons (Krizaj, Akopian, & Witkovsky, 1994; Massey & Miller, 1987; Slaughter & Miller, 1983; Stockton & Slaughter, 1989; Yang & Wu, 1991) . Thus, the NMDA treatment proved to be a useful tool for assessment of proximal neuron contribution to the ERG components. In the present work we demonstrated that NMDA alone caused an increase of the b-wave amplitude and a diminution of the d-wave amplitude without altering their time course at all stimulus intensities. This indicates that the activity of proximal neurons directly contributes to generation of the cone-mediated d-wave, but not b-wave in frog ERG. The present findings confirm our previous results obtained in frog retina (Popova & Kupenova, 2009) and are consistent with the results of other authors for the amphibian b-and d-waves (Awatramani, Wang, & Slaughter, 2001; Katz et al., 1991) and mammalian b-wave (cat: Gargini et al., 1999; distrophic rats: Ohzeki et al., 2007; rabbit: Hare & Wheeler, 2009 ). There are no available data concerning the action of NMDA on the mammalian d-wave.
The present results clearly show that the pharmacological blockade of proximal retinal neurons does not eliminate the effects of picrotoxin on the ERG b-and d-waves. The enhancement of the b-wave amplitude in the eyecups treated with picrotoxin + NMDA was expressed to a greater extent than that obtained in the NMDA group at all stimulus intensities (expect for the threshold ones), indicating that it was due to picrotoxin action in the distal retina. The effects of picrotoxin on the d-wave amplitude in the NMDA treated eyecups depended on stimulus intensity. An increase of the d-wave amplitude was seen only in the lower half of the intensity range, when the amplitude values during PT + NMDA perfusion were compared with the control ones. However, when they were compared with the NMDA group, it became evident that the enhancing effect of picrotoxin upon the d-wave amplitude was preserved over the whole intensity range except for the highest stimulus intensities. Thus, we may suggest that endogenous GABA, acting in the distal frog retina, has a suppressive action on the amplitude of the cone-mediated OFF response at all stimulus intensities except for the highest ones. Our results indicate that this inhibitory action starts at very low stimulus intensities (producing d-wave amplitude 65 lV) and thus significantly decreases the absolute sensitivity of the response. The GABAergic horizontal cells are the most probable source of this distal GABA action, while the GABAergic OFF amacrine cells probably account for the proximal inhibition of the ERG OFF response. Our results suggest that the absolute sensitivity of the GABAergic horizontal cells is similar to that of the GABAergic OFF amacrine cells. On the other hand, the inhibitory action of GABA upon the ON response, exerted in distal retina, starts at higher stimulus intensities (producing b-wave amplitude between 5 lV and 10 lV) than the proximal one (I ts producing b-wave amplitude 65 lV). Because the GABAergic ON amacrine cells are the most probable source of the proximal GABA action, one may suggest that their absolute sensitivity is higher compared to the absolute sensitivity of the GABAergic horizontal cells, which account for the distal GABA action. Such a difference in the sensitivity could be related to the higher synaptic gain in metabotropic cascade pathway of the ON bipolar cells, which feed the GABAergic ON amacrine cells, in comparison with the ionotropic glutamate transmission in the GABAergic horizontal cells (Falk & Shiells, 2006) . It seems that the effects of GABA on the suprathreshold b-and d-wave amplitude, exerted in the distal and proximal retina, depend in a similar manner on stimulus intensity. Our results suggest that GABA acting in each site (distal or proximal) has stronger suppressive effect on the b-and d-wave amplitude at the lower stimulus intensities in comparison with the higher ones. Thus, its action leads to a decreased relative sensitivity of the ERG ON and OFF responses irrespective of the site it takes place. This suggestion is in line with the results of Chappell and Rosenstein (1996) , who argue that picrotoxin enhancing effect upon the ON and OFF components of the skate ERG, exerted in the distal retina, is especially pronounced over a range of intensities 1 or 2 log units above threshold. The stronger effect of GABA at the lower stimulus intensities may be due in part to the fact that the gain of cone -horizontal cell synapse is highest for dim light modulation around the background illumination (Normann & Perlman, 1979) . The higher gain of the cone -GABAergic horizontal cell synapse at lower stimulus intensities could generate stronger inhibitory GABAergic influences on the ON and OFF bipolar cells at these intensities.
Our present results indicate that the proximal GABA action has greater contribution to the ERG b-and d-wave amplitude shaping over a wide range of photopic intensities compared to the distal one. Our suggestion is consistent with the results of other authors working on amphibian retina, who have shown that picrotoxin greatly enhances the proximal field potentials (Karwoski, Xu, & Yu, 1996; Katz et al., 1991; Xu & Karwoski, 1994; Xu & Karwoski, 1995) . However, while the authors cited above argue that picrotoxin effects on the b-and d-wave amplitude are due entirely to its action in proximal retina, our results indicate that a significant part of this action occurs in distal retina. Xu and Karwoski (1995) have showed, however, that the amplitude of the dark-evoked d-wave in the distal frog retina was also increased during the picrotoxin treatment. Although the authors did not present data concerning the statistical significance of the observed effects in distal retina, their observation is in full agreement with our present data. The discrepancy between our results and results of Katz et al. (1991) may be due to different conditions of adaptation. Katz et al. (1991) used dark adapted, isolated, toad retina preparations, stimulated by relatively low-intensity, 500 nm light stimuli, whereas we used light adapted frog eyecups. It is possible that the site of picrotoxin action in rod-mediated pathways differs from that in cone-mediated ones. However, Chappell and Rosenstein (1996) , who work on all rod retina of skate, have found that NMDA does not alter picrotoxin enhancing effects on the ERG ON and OFF component and suggest that the observed effects are due to picrotoxin action in distal retina. Thus, the GABAergic rod pathways may also originate in distal retina.
Our results are in conflict with the results of Arnarsson and Eysteinsson (1997) , who do not find any increase of the b-wave amplitude, caused by picrotoxin if the Xenopus retina was previously superfused with NMDA. The cause for this discrepancy is unclear, but it could not be related to different photoreceptor input, because the experiments of the both laboratories were performed on light adapted eyecups. The results presented in our study indicate also that GABA, acting in the distal retina, considerably accelerates the time course of the cone-mediated ERG waves. We showed that both the latency and implicit time of the b-and dwaves were significantly delayed by picrotoxin in eyecups, treated with NMDA. The effect was evident over the entire intensity range, indicating that the intensity of the photopic stimuli is not of critical importance for its expression. An interesting observation was that the time course of the d-wave was slowed even at the highest stimulus intensities, where its amplitude was not enhanced. Our results are consistent with the results of Karwoski, Xu, and Yu (1996) , who also reported that picrotoxin increased the duration of the b-and b-waves in the distal frog retina.
The changes of the amplitude and time course of the ERG b-and d-waves under the influence of picrotoxin can be attributed mainly to changes of the light responses of the ON and OFF bipolar cells. At present, little is known about the effects of GABA and ionotropic GABA receptor antagonists on the intensity-response function of the amphibian bipolar cells. Most of the studies were performed by using one or narrow range of stimulus intensities and the results obtained are contradictory. While some authors reported that GABA diminishes and GABA antagonists (bicuculline, picrotoxin) enhance the light responses of ON bipolar cells (mudpuppy : Miller, Slaughter, & Dick, 1982; Miller et al., 1981) , other authors have not obtained any effect of GABA on them (xenopus: Stone & Shutte, 1991) . Still other authors suggest that the effect of GABA on the amphibian ON bipolar cells may be related only to the time characteristics of the light responses and not to their amplitude. It has been shown that SR95531 (GABA A antagonist) makes the responses slightly more transient without altering their amplitude, while picrotoxin makes them more sustained (mudpuppy, tiger salamander : Zhang, Jung, & Slaughter, 1997) . Inconsistent results have been obtained also for the GABA effects on the amphibian OFF bipolar cells. Some authors reported that antagonists of ionotropic GABA receptors have no effect on their light responses (mudpuppy: Daniels, 1974; Miller et al., 1981) , while other authors reported their suppression under the influence of GABA (Hare & Owen, 1996; Stone & Shutte, 1991) or GABA antagonists picrotoxin and bicuculline (Hare & Owen, 1996) . Our results indicate that GABA, released in both the outer and inner plexiform layer in frog retina, acts to diminish the amplitude and speed up the time course of the cone-mediated light responses of both ON and OFF bipolar cells. The effect seems to be expressed over a wide range of stimulus intensities. This suggestion is not consistent with the proposed opposite action of GABA on the dendrites of ON and OFF bipolar cells in goldfish (Li & Shen, 2007) and mammalian (Vardi et al., 2000) retina. The authors cited suggest that GABA inputs in the distal retina might excite ON bipolar cells, but inhibit OFF bipolar cells, because their dendrites express different types of cation chloride cotransporters. Our data do not support such a hypothesis for the GABA action in the distal frog retina. It appears that conemediated light responses of frog OFF bipolar cells are more sensitive to GABA action compared to that of the ON bipolar cells, when they are obtained with low intensity light stimuli. However, the reverse statement is true for the light responses, obtained with high intensity stimuli. Our results suggest that GABA, released in the OPL, as well as GABA, released in the IPL, contributes to this ON/OFF asymmetry. Previous ERG data, obtained by us in frog retina indicate that GABA A receptors are involved to a greater extent than GABA C in establishing this ON/OFF asymmetry in the lower intensity range, while GABAc receptors contribute to it in the higher intensity range (Kupenova, Popova, & Vitanova, 2008) . Our immunocytochemical study of GABA receptor distribution in frog retina has shown that GABA A receptors are located mainly in the distal and central part of the IPL, where the OFF bipolar cell axons terminate. The greater number of these receptors on the OFF as compared to the ON bipolar cell axon terminals could account for the observed by us ON/OFF asymmetry in GABA action. It remains to be determined how GABA acting on GABA A and GABA C receptors expressed on the dendrites and axon terminals of the ON and OFF bipolar cells modulates their light responses in frog retina. It has been shown, however, that GABA elicits large GABA A and GABA C receptor mediated currents in the axon terminals, as well as in the dendrites of the both types of bipolar cells in bullfrog retina (Du & Yang, 2000) . These results support our suggestion that GABA acts in both plexiform layers to modulate the light responses of the ON and OFF bipolar cells.
Conclusions
The results of our study indicate that GABA acts in both distal and proximal retina to modulate cone-mediated frog electroretinogram. It decreases the b-and d-wave amplitude and speed up the time course of the responses irrespective of the site of its action and the stimulus intensity used. The relative strength of this action, however, depends on stimulus intensity. It is stronger at lower than higher stimulus intensities and thus it acts to decrease the relative sensitivity of the responses. The suppressive action of GABA is expressed to a greater extent upon the OFF than ON response at the lower stimulus intensities, while the opposite is true for the higher intensity range. The obtained ON/OFF asymmetry does not depend on the site of GABA action in the retina.
